Hepatocellular secretion of bile salts into the biliary space induces phospholipid and cholesterol secretion, but the mechanism for integrated lipid secretion is poorly understood. Knockout mice unable to make the canalicular membrane mdr2 P-glycoprotein exhibit normal rates of bile salt secretion, yet are virtually incapable of secreting biliary phospholipid and cholesterol. As the mdr2 P-glycoprotein is thought to mediate transmembrane movement of phospholipid molecules, this mouse model was used to examine the mechanism for biliary phospholipid secretion. In wild-type mdr2 ( ϩ / ϩ ) mice, ultrarapid cryofixation of livers in situ revealed abundant unilamellar lipid vesicles within bile canalicular lumina. Although 74% of vesicles were adherent to the external aspect of the canalicular plasma membrane, bilayer exocytosis was not observed. Vesicle numbers in mdr2 ( ϩ / Ϫ ) and ( Ϫ / Ϫ ) mice were 55 and 12% of wild-type levels, respectively. In a strain of mdr2 ( Ϫ / Ϫ ) mice which had been "rescued" by heterozygous genomic insertion of the MDR3 gene, the human homologue of the murine mdr2 gene, vesicle numbers returned to 95% of wild-type levels. Our findings indicate that biliary phospholipid is secreted as vesicles by a process largely dependent on the action of the murine mdr2 P-glycoprotein or human MDR3 P-glycoprotein. We conclude that mdr2-mediated phospholipid translocation from the internal to external hemileaflet of the canalicular membrane permits exovesiculation of the external hemileaflet, a vesiculation process promoted by the detergent environment of the bile canalicular lumen. 
Introduction
Secretion of bile salts by the liver is critical for elution of phospholipid molecules from the canalicular membrane and for solubilization of free cholesterol in bile (1) . Bile salts are amphiphilic steroidal molecules which attain concentrations in excess of 5 mM in the lumina of bile canaliculi, yet do not dissolve the hepatocyte canalicular plasma membrane. Nevertheless, biliary phospholipid secretion is dependent upon the detergent action of luminal bile salts (2) . Together bile salts and phospholipid increase the biliary solubility of cholesterol over a million-fold, thereby permitting entry of hepatocellular cholesterol into bile (1) . Thus, a critical step in bile formation is the extraction of biliary phospholipid from the canalicular plasma membrane. Although phospholipids appear to be secreted into the canalicular lumen as unilamellar vesicles (3) (4) (5) , current evidence does not favor a conventional bilayer exocytosis mechanism (6) (7) (8) and there is controversy over whether vesicles even form on the canalicular membrane (9) (10) (11) .
A unique opportunity to gain insight into bile formation is provided by the mdr2 knockout mouse, which is virtually incapable of secreting phospholipid into bile (12) . The mdr2 P-glycoprotein is thought to function as a phospholipid translocase ("flippase"), moving biliary-type phosphatidylcholines from the internal to the external hemileaflet of the canalicular membrane (9, (12) (13) (14) (15) . Phosphatidylcholine molecules would then be susceptible to the detergent action of luminal bile salts. Therefore, the purpose of this study was to use imaging techniques to determine whether vesicle formation was proportional to phospholipid secretion in mice heterozygous or homozygously negative for mdr2 P-glycoprotein, and thereby test the hypothesis that vesicle secretion from the external face of the canalicular membrane is the predominant mechanism for phospholipid extrusion into bile.
Methods
Animals. In our original publication (12) , the 129/Ola strain of mouse was used to disrupt the mdr2 gene. However, as 129/Ola mice breed poorly, the mutation was crossed into FVB strain mice, using repeated brother-sister mating until the defect was available in a Ͼ 99% FVB background (16) . FVB mice selected for examination were either wild-type mdr2 ( ϩ / ϩ ), heterozygous ( ϩ / Ϫ ), or homozygously negative ( Ϫ / Ϫ ). Because the human MDR3 P-glycoprotein is thought to have the same function as its mouse counterpart, mdr2 (14, 17) , we also introduced the MDR3 gene into FVB strain mdr2 ( Ϫ / Ϫ ) mice, generating two strains, designated A1 and A63. Mice with the human MDR3 P-glycoprotein were generated by cloning a human MDR3 minigene behind an albumin promoter-enhancer construct, and injecting the construct into murine FVB oocytes (17). Two transgenic lines, A1 and A63, were crossed with mdr2 ( Ϫ / Ϫ ) mice to generate heterozygous mdr2 ( Ϫ / Ϫ ) MDR3 ( ϩ / Ϫ ) mice. RNase pro-tection assays of liver RNA demonstrated that MDR3 expression in A63 mice was ‫ف‬ 15-fold higher than in A1 mice. Using a monoclonal antibody (C219) that recognizes all P-glycoprotein subtypes, we found on Western blots a comparable signal in A63 mice and wild-type animals. With the MDR3 specific polyclonal antiserum AVLCL2 (14) , the A1 mice demonstrated hepatic MDR3 P-glycoprotein levels that were 15% of those in A63 mice. No MDR3 mRNA or protein reactivity could be detected in any tissue other than the liver. Mice 3 mo of age at the time of killing were used (28 Ϯ 2 g, Ϯ SD, n ϭ 42), with no differences in weight between genotypic groups.
Animal procedures. An open laparotomy under pentobarbital anesthesia (50 mg/kg, intraperitoneally) was performed. For physiological studies ( n ϭ 30 mice, see Fig. 1 ), the gallbladder was cannulated and bile was collected continuously for 15 min (12) . Bile flow was measured gravimetrically, assuming a specific gravity of 1.00. Bile salts were determined with 3 ␣ -hydroxysteroid dehydrogenase, phosphatidylcholine using the choline oxidase method, and cholesterol using cholesterol oxidase, as described (12) . Phosphatidylcholine detected by the choline esterase method has been shown previously to account for virtually all phospholipid in bile (12) .
For ultrastructural studies ( n ϭ 12 mice), an open laparotomy was performed and liver tissue was subjected to ultrarapid cryofixation in situ using a DDK PS1000™ device (Delaware Diamond Knives, Inc., Newark, DE), as previously described (6) . This procedure involved impelling a freshly cut liver lobe against a highly polished liquid nitrogen-cooled metal block (6), a technique which arrests within milliseconds both biological processes and the biophysical rearrangement of membranes (18) . Two specimens from each animal were obtained.
Ultrastructural analysis. Cryofixed liver specimens were subjected to automated freeze-drying and stabilized by fixation at 10 Ϫ 3 mbar and 25 Њ C with vaporized paraformaldehyde followed by vaporized OsO 4 , using the LifeCell ® MDD-C Molecular Distillation Dryer (RMC Inc., Tucson, AZ) (19) . Specimens were infiltrated with degassed Spurr resin, polymerized, and 50-nm thin sections were obtained (two grids containing five thin sections per specimen). Each grid was scanned at magnifications of 250 and 3,000 to identify the cryofixation contact face and the intact cell layers of optimal tissue preservation. All bile canaliculi, defined as luminal structures delimited by intact plasma membranes and tight junctional zones, were identified at a magnification of 7,000, viewed at a magnification of 30,000, and digitized images were obtained. The dimensions and area of bile canaliculi, microvilli, nascent and free vesicles, and structures of uncertain origin were systematically measured as described previously (6) .
A rigorous system of blinded analysis was used to avoid observer bias. Section grids were coded and randomized by one individual (V.C. Hatch). All electron microscopy was then performed by a second individual (J.M. Crawford) without knowledge of grid (and hence, mouse) identity. Digitized images of bile canaliculi were then coded and randomized again (by A.K. Ralston), and measured by a fourth individual (A.R. Crawford) without knowledge of image identity. The codes for images and grids were not broken until morphometric analysis of all images was complete. Finally, information about the physiological analysis of animals (performed by R.P.J. Oude Elferink) was withheld until completion of the morphological studies.
The primary structures of interest were canalicular vesicles, as reported in Results. Microvilli were identified in the bile canaliculi of all animals, and there were no significant differences among groups, with 9-13 microvilli on average per canaliculus, occupying between 14 and 20% of bile canalicular area. Circular to ellipsoid luminal structures with more electron dense interiors were observed, possibly representing vesicles cut in tangential section or microvilli cut in cross section. In our blinded morphometric analysis these were scored as "uncertain," and were found to exhibit no substantive differences among groups, with 1.2 such structures on average per canaliculus. The lack of differences among uncertain structures indicates that they were almost all microvilli cut in cross section.
Statistics. Physiological measurements of bile flow and bile salt, phospholipid, and cholesterol secretion rates were based on three consecutive 5-min collections of bile from each animal. Ultrastructural data were obtained from digital morphometry to determine the area and width of each bile canaliculus, and the dimensions and areas of structural profiles contained within. For each data set, comparisons between experimental animal groups, using mean values obtained for each animal, were made using one-way ANOVA followed by Newman-Keul's multiple range tests for pair-wise comparisons (20) , using StatPak software (Northwest Analytical, Portland, OR).
Results
Physiological parameters are presented in Fig. 1 . Bile flow and bile salt secretion rates exhibited no decrements among the mdr2 ( ϩ / ϩ ), ( ϩ / Ϫ ) and ( Ϫ / Ϫ ) mice and two strains of MDR3 rescue mice; the enhanced bile flow in the mdr2 ( Ϫ / Ϫ ) mice has been attributed to enhanced ductular fluid secretion (12) . Phospholipid secretion rates declined to 78 and 6% of wildtype in the mdr2 ( ϩ / Ϫ ) and ( Ϫ / Ϫ ) mice, respectively. Rescue of the P-glycoprotein defect in the A1 and A63 strains of mdr2 ( Ϫ / Ϫ ) MDR3 ( ϩ / Ϫ ) mice raised phospholipid secretion rates to 24 and 113% of wild-type, respectively. Cholesterol secretion was maintained in the mdr2 ( ϩ / Ϫ ) mice, dropped to near zero in the mdr2 ( Ϫ / Ϫ ) mice, and was restored in both strains of MDR3 rescue mice. These findings confirm that biliary phosphatidylcholine secretion is largely dependent upon mdr2 P-glycoprotein function in the mouse. Only a modest rate of phospholipid secretion is required to maintain adequate cholesterol secretion, in keeping with the concept that cholesterol secretion is only indirectly dependent upon mdr2 P-glycoprotein function (21) . Although the mdr2 ( Ϫ / Ϫ ) MDR3 ( ϩ / Ϫ ) rescue mouse of strain A1 was only marginally different from the mdr2 ( Ϫ / Ϫ ) mice, the findings with the mdr2 ( Ϫ / Ϫ ) MDR3 ( ϩ / Ϫ ) rescue mice of strain A63 demonstrate that the human MDR3 P-glycoprotein homologue is capable of completely restoring normal rates of biliary phospholipid and cholesterol secretion.
For the ultrastructural studies, 354 bile canaliculi in 12 animals were analyzed, for an average of ‫ف‬ 30 bile canaliculi per animal. Bile canaliculi were readily identified in regions of well-preserved liver parenchyma (within ‫ف‬ 30 m of the cryofixation face), as shown in Fig. 2 . Canaliculi from all animals contained microvilli, defined as elongate structures with a delimiting membrane in continuity with the canalicular plasma membrane, and a slightly electron-dense interior in continuity with the hepatocyte cytoplasm. Canalicular vesicles were readily observed in mdr2 ( ϩ / ϩ ) animals (Fig. 2, A and B ) , with fewer numbers in mdr2 ( ϩ / Ϫ ) animals. Vesicles were defined as membrane-delimited circular to ellipsoid structures with electron-lucent interiors. Most vesicles (478 out of 643) were adherent to the external side of the canalicular membrane, exhibiting abrupt angular junctions and maintaining a membranous barrier between the vesicle interior and the hepatocyte cytoplasm (Fig. 2, A and B, arrowheads) . Most canaliculi from the mdr2 (Ϫ/Ϫ) mice were devoid of vesicles (Fig. 2, C and D) . However, a small, but significant, number was still observed in these animals (Fig. 2 E) , with features identical to those seen in mdr2 (ϩ/ϩ) and mdr2 (ϩ/Ϫ) animals (Fig. 2 F) . Vesicles were identified in low numbers in the canaliculi of the A1 MDR3 rescue mouse. In contrast, abundant vesicles were present in the bile canaliculi of the A63 MDR3 rescue mice (Fig. 2, G  and H) .
The key results of our morphometric analysis are presented In the A1 strain MDR3 rescue mouse examined, vesicles were only minimally restored, whereas in the A63 strain MDR3 rescue mice there was almost complete normalization of vesicle numbers. There were no significant differences in microvilli among the animals. Canalicular vesicles were not spheroidal. The mean diameters of all 643 vesicles were 75Ϯ14 nm (minimum) by 103Ϯ20 (maximum, ϮSD). The mean axial ratio (minimum/maximum) was significantly less than unity (0.79Ϯ0.19, P Ͻ 0.0001), with no significant differences for vesicles adherent to the canalicular membrane or free within the lumen. Vesicle orientation was unrelated to the direction of cryofixation, so that mechanical distortion is an unlikely source of the ellipsoid morphology. Rather, for the 478 adherent vesicles observed, 406 (84%) were oriented with their long axis perpendicular to the canalicular membrane. Moreover, the zone of membrane fusion between adherent vesicles and the canalicular membrane exhibited a thickness (27Ϯ6 nm, range 16-60 nm) which was significantly greater (P Ͻ 0.01) than that of the surrounding canalicular membrane (14Ϯ3 nm) or the apical dome of the adherent vesicles (15Ϯ6 nm).
Discussion
Our findings confirm that the action of the mdr2 P-glycoprotein or its human homologue, MDR3, is essential for secretion of phosphatidylcholine into bile. The key conclusion from this study is that once phosphatidylcholine molecules are translocated from the internal to the external hemileaflet by the mdr2 (or MDR3) P-glycoprotein, they are eluted as unilamellar vesicles into bile. Interestingly, restructuring of a membrane hemileaflet into a newly formed bilayer vesicle also has been proposed as the mechanism for shedding of the phosphatidylcholine surface monolayer of circulating lipoproteins (22, 23) . Conversely, coating of the alveolar surface by lung surfactant requires restructuring of secreted multilamellar arrays of membrane bilayers to form hemileaflet monolayers at the airtissue interface (24) . In the case of the liver, hepatocellular secretion of bile salts into the bile canalicular lumen is necessary for elution of phospholipid vesicles from the canalicular membrane (2), presumably on the basis of their detergent interactions with the external hemileaflet (7).
Our observations permit the consideration of a working model for biliary lipid secretion (Fig. 4) . First, the action of the mdr2 P-glycoprotein may generate transient fluid microdomains of biliary-type phosphatidylcholines in the external hemileaflet of the membrane, an otherwise sphingomyelin/ cholesterol rich membrane which is resistant to the detergent actions of bile salts (25) . The relative position of the mdr2 P-glycoprotein to putative microdomains (in the center or around the perimeter) is currently unknown. Second, bile salts secreted into the lumen through the action of the canalicular bile acid transporter (cBAT) attain millimolar concentrations in the bile canalicular lumen. These bile salts will interact preferentially with the cholesterol-poor fluid membrane microdomains composed of biliary-type phosphatidylcholines, relative to the surrounding cholesterol-sphingomyelin-rich canalicular membrane (26) . Because the efficiency of bile salt secretion is maintained in animals that lack the mdr2 P-glycoprotein, it is probable that cBAT resides in the bulk canalicular membrane, as depicted. We cannot exclude the possibility that this transporter lies in close approximation to mdr2 P-glycoproteins, when present. Third, asymmetric accumulation of bile salts and phosphatidylcholine molecules in the external hemileaflet will generate a local increase in lateral pressure and focal bulging, thereby promoting exovesiculation. Such focal events may be accentuated by the shear resistance of the surrounding sphingomyelin-rich canalicular membrane (27) , particularly since sphingomyelin is capable of interdigitating across the membrane bilayer (28) . Fourth, the distinct angular junction between the sides of adherent vesicles and the canalicular membrane (Fig. 2, E and F) and the thickness of the adhesion zone raise the possibility that lipid phase transitions occur within the external hemileaflet of the membrane. Phase transitions through hexagonal lipid phases are predicted by the ternary phase diagram for phosphatidylcholine hydration in the presence of bile salts (29) , as would occur during vesiculation of the canalicular plasma membrane (7) . Further experimental work will be required to determine whether such phase transitions occur in situ in the canalicular membrane. Finally, the nonspherical shape of vesicles, with the consistently decreased curvature of the lateral aspects of adherent vesicles, may have relevance to cholesterol entry into bile. Lateral diffusion of cholesterol into nascent cholesterol-poor phospholipid vesicles may "stiffen" their sides. We postulate that this is a potential mechanism for entry of cholesterol into bile, since biliary phospholipid vesicles are thought to be important carriers of cholesterol in bile (30) . Indeed, the minimal amount of phospholipid secretion present in the A1 rescue mice is capable of restoring cholesterol secretion (Fig. 1) . However, luminal bile salts are capable of solubilizing cholesterol from the canalicular membrane even in the absence of phospholipid secretion (21, 31) . Thus, multiple mechanisms for cholesterol secretion may be operative, in particular lateral diffusion from the canalicular membrane into nascent vesicles and/or bile salt-mediated transfer of cholesterol through the aqueous phase of bile to luminal vesicles (32, 33) .
Although the singular role of mdr2 in biliary phospholipid secretion has been questioned (34, 35) , the source of the very low phospholipid secretion rates and vesicle secretion we observed in mdr2 (Ϫ/Ϫ) mice (Figs. 1 and 3) is not established. It should be noted that an alternative strain of mdr2 (Ϫ/Ϫ) mice did not exhibit any residual phospholipid secretion (12) . Thus, further studies will be required to determine whether additional mechanisms may be present for phosphatidylcholine translocation across the canalicular membrane bilayer (36) . In conclusion, we have demonstrated that phospholipid is secreted as vesicles into bile, and that vesicle secretion is almost wholly dependent upon mdr2 or MDR3 P-glycoprotein function. Our findings provide strong support for the concept that biliary phosphatidylcholine molecules are flipped from the internal to the external hemileaflet of the hepatocyte canalicular membrane by the action of murine mdr2 P-glycoprotein or human MDR3 P-glycoprotein, followed by release of phosphatidylcholine vesicles from the external hemileaflet into bile. Vesiculation of the external hemileaflet provides an explanation of how luminal bile salts can extract large quantities of phospholipid on the basis of their detergent action, without disrupting the integrity of the detergent-resistant canalicular plasma membrane. This remarkable mechanism for selective secretion of membrane phospholipids appears to be uniquely adapted to the detergent environment of the bile canaliculus. Proposed model for lipid secretion into bile. mdr2 P-glycoprotein is thought to translocate phosphatidylcholines from the internal to the external hemileaflet of the hepatocyte canalicular plasma membrane, possibly generating microdomains of the more fluid biliary-type phosphatidylcholines. Luminal bile salts, secreted as monomers through the action of bile salt transporters (cBAT), will interact preferentially with these microdomains to promote vesiculation of the membrane external hemileaflet, possibly involving nonlamellar phase transitions. Cholesterol, which can freely flip between the internal and external hemileaflets, may be released into bile either by diffusing laterally into nascent vesicles, or by bile saltmediated transfer through the aqueous phase. The model is based on data from the current study and published work (6, 12, 21, 31, 37) as reviewed in references 7 and 11.
